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Abstract 
The ability of Gd 3+ to inhibit vasopressin-stimulated Ca 2+ inflow to hepatocytes was compared with its effect on Mn 2+ inflow. In the 
absence of Gd 3+, the stimulation of Mn 2+ inflow by vasopressin i creased with increasing pH of the extracellular medium. Maximal 
inhibition of vasopressin-stimulated Ca 2+ and Mn 2+ inflow by saturating concentrations of Gd 3+ was 70 and 30%, respectively. Gd 3+ 
also inhibited thapsigargin-stimulated Ca 2+ and Mn 2+ inflow with maximal inhibition of 70 and 40%, respectively. It is concluded that 
vasopressin and thapsigargin each activate two types of Ca 2+ inflow processes, one which is sensitive and one which is insensitive to
lanthanides. The nature of the pore of the ianthanide-sensitive Ca 2+ channel was investigated further using different lanthanides as 
inhibitors. Tm 3+, Gd 3+, Eu 3+, Nd 3+ and La 3+ each inhibited vasopressin-stimulated Ca 2+ and Mn 2+ inflow but had no effect on Ca 2+ 
inflow in the absence of an agonist, or on vasopressin-stimulated release of Ca 2+ from intracellular stores. Maximal inhibition of 
vasopressin-stimulated Ca 2-~ inflow in the presence of a saturating concentration f each lanthanide ranged from 70-90%. An equation 
which describes a 1:1 interaction of the lanthanide with a putative binding site in the Ca 2+ channel gave a good fit to dose-response 
curves for the inhibition of vasopressin-stimulated Ca 2+ inflow by each lanthanide. Lanthanides in the middle of the series exhibited the 
lowest dissociation constart (K d) values. The Ko for Gd 3+ increased with increasing extracellular Ca 2+ concentration, suggesting 
competitive inhibition of Ca 2+ binding by Gd 3+. In the absence of lanthanide, vasopressin-stimulated Mn 2+ inflow was substantially 
reduced when the plasma membrane was depolarised by increasing the extracellular K + concentration. Changing the membrane potential 
had little effect on the maximum inhibition by Gd 3+ of vasopressin-stimulated Mn 2+ inflow. The K0 for inhibition of vasopressin- 
stimulated Ca 2+ inflow by Gd 3+, measured at the lowest attainable membrane potential, was about 6-fold lower than the K d measured at 
the highest attainable membrane potential. The idea that there is a site in the vasopressin-stimulated lanthanide-sensitive Ca 2+ channel 
composed of carboxylic acid groups which bind Ca 2+, Mn 2+ or a lanthanide ion is consistent with the data obtained using the different 
lanthanides. 
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1. Introduction 
Receptor-activated Ca2÷ inflow systems (RACSs) are 
present in almost all non-excitable and in some excitable 
animal cells [1-3]. Together with inositol 1,4,5-tris- 
phosphate-induced release of Ca 2+ from an intracellular 
store, most likely the endoplasmic reticulum, RACSs are 
responsible for the increase in intracellular free Ca 2÷ 
concentration ([Ca 2÷ ]i) which occurs when agonists which 
use Ca 2÷ as an intracellular messenger bind to their plasma 
Abbreviations: [K + ]o, extracellular K + concentration; [Ca 2+ ]o, ex- 
tracellular Ca z+ concentration; RACS, receptor-activated Ca 2+ inflow 
system; VOCC, voltage-operated Ca 2+ channel; Kd, dissociation con- 
stant; DBHQ, 2,5-di-tert-butylhydroquinone. 
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membrane r ceptors [1-3]. The mechanism of activation of 
the receptor-activated Ca 2÷ channel is thought o involve 
the inositol 1,4,5-trisphosphate-induced release of Ca 2÷ 
from the endoplasmic reticulum which, in turn, opens the 
plasma membrane Ca 2÷ channel (the 'store-operated' Ca 2÷ 
inflow mechanism) [3-5]. Thus a RACS can be considered 
as being composed of a plasma membrane Ca 2 ÷ channel 
protein which is activated by interaction with one or more 
intracellular proteins, the membrane of the endoplasmic 
reticulum and/or  an intracellular messenger. There is evi- 
dence to indicate that there may be more than one type of 
RACS channel in hepatocytes [6-9] and some other cell 
types [10-15]. Little is known of the nature of the pore of 
the RACS channels. In some cases the pore appears to be 
non-selective for divalent cations [16-19] while in others it 
appears to be quite selective for Ca 2+ [11]. Neither the 
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RACS channel protein nor the cDNA encoding this protein 
has been reported to have been isolated from any animal 
cell. 
In hepatocytes RACS channels are opened by extracel- 
lular signals such as vasopressin, angiotensin II and epider- 
mal growth factor (reviewed in Ref. [20]), and by agents 
which artificially induce the release of Ca 2÷ from intra- 
cellular stores, such as thapsigargin and 2,5-di-tert-butyl- 
hydroquinone [21-26]. The hepatocyte channel(s) admits 
Mn 2÷ as well as Ca 2÷ [25,27,28]. We have previously 
shown that Gd 3÷, a member of the lanthanide series of 
trivalent cations, is a very effective inhibitor of agonist- 
stimulated Ca 2÷ and Mn 2+ inflow to hepatocytes [29]. 
Gd 3÷ and other lanthanides inhibit L- and T-type voltage- 
operated Ca 2+ channels (VOCCs) [30-33], and some other 
RACSs [34,35]. Differences in the properties of lan- 
thanides have been exploited in order to obtain information 
about the nature of the divalent cation pore in L- and 
T-type VOCCs [32,33]. Lanthanides are thought o block 
Ca 2÷ channels by either moving through the channel more 
slowly than Ca 2÷ or by lodging in the pore without 
moving through the channel [32,33]. The binding of lan- 
thanides to various synthetic and biological molecules, 
such as compounds with carboxylic acid moieties, has also 
been measured in vitro in order to obtain information on 
how the affinity of the lanthanide for a given organic anion 
varies with the nature of the lanthanide [36,37]. 
The aims of the present experiments were firstly to 
compare the ability of Gd 3+ to inhibit vasopressin-stimu- 
lated Ca 2÷ inflow with its effect on vasopressin-stimulated 
Mn 2÷ inflow and secondly to investigate the abilities of a 
series of lanthanides to inhibit vasopressin-stimulated Ca 2 + 
and Mn 2 + inflow in order to obtain information about the 
nature of the pore of the hepatocyte RACS channel(s). 
Since it has been shown that in hepatocytes agonist-stimu- 
lated Ca 2÷ inflow increases with increasing extracellular 
pH [38], the effects of extracellular pH on Mn 2÷ inflow 
were investigated first in order to define optimal condi- 
tions for the study of vasopressin-stimulated Mn 2+ inflow. 
The results have shown that (1) while Gd 3÷ inhibits both 
vasopressin-stimulated Ca 2+ and Mn 2÷ inflow, the inhibi- 
tion is not complete with Ca 2÷ inflow being inhibited to a 
greater extent han Mn 2÷ inflow and (2) lanthanides in the 
middle of the series have a greater affinity for the Ca 2+ 
channel. The conclusions that vasopressin stimulates both 
a lanthanide-sensitive and a lanthanide-insensitive divalent 
cation inflow process, and the idea that lanthanide ions, 
and hence Ca 2÷, bind to carboxylic acid moieties in the 
channel pore are consistent with these observations. 
2. Materials and Methods 
2.1. Materials 
TmC13, GdC13, EuCI 3, NdCI 3 and LaC13 were obtained 
from Aldrich Chemicals, Wisconsin, USA, and [ 14 C]inulin, 
[36C1] NaC1 and [3H]H20 from Amersham Australia Pty., 
Castle Hill, N.S.W. The sources of other materials were as 
described previously [29,39]. 
2.2. Measurement of  rates o f  Ca 2 + and Mn e ÷ inflow and 
the release of  Ca e + from intracellular stores 
Procedures for the isolation and incubation of hepato- 
cytes were as described previously [29]. Rates of Ca 2+ and 
Mn 2÷ inflow, and the amounts of Ca 2÷ released from 
intracellular stores in hepatocytes loaded with quin2 were 
measured as described previously [29,39]. The incubation 
medium [40] contained 117 mM NaC1, 4.7 mM KCI, 1.2 
mM KH2PO 4, 1.2 mM MgSO4, 25 mM NaHCO 3, 20 mM 
Tes-KOH (Krebs-Henseleit medium), Ca 2÷, and other ad- 
ditions as indicated. Except where indicated otherwise the 
pH was 7.4 for the measurement of Ca 2÷ inflow and 7.6 
for the measurement of Mn 2+ inflow. The concentration of
hepatocytes was 30 mg wet weight/ml (2.106 cells/ml). 
In some experiments Mn z+ inflow was measured in a 
simpler medium which contained 117 mM NaC1, 5.9 mM 
KC1, 35 mM NaHCO 3, 1.2 mM MgC1 z and 20 mM 
Tes-KOH (phosphate-free medium). Except where indi- 
cated otherwise the pH was 7.6. In experiments in which 
the pH was varied, this was achieved by altering the 
concentration of bicarbonate in the incubation medium as 
described by Blackmore t al. [38]. 
2.3. Plasma membrane potential 
The plasma membrane potential of hepatocytes was 
determined from measurement of the distribution of 36C1- 
between the extracellular medium and the cytoplasmic 
space in cells incubated in Ca2+-free Krebs-Henseleit 
medium at 37°C [41], using [3H]H20 and [14C]inulin to 
measure the volumes of intracellular and extracellular 
space, respectively [42]. 
2.4. Presentation of  results 
Except where indicated otherwise the results are ex- 
pressed as the means _ S.E.M. of the values obtained for 
the number of experiments, and the number of cell prepa- 
rations indicated. The term 'maximum inhibition' (ex- 
pressed as a percentage) of vasopressin-stimulated Ca 2÷ or 
Mn 2÷ inflow by a lanthanide is defined as ((a - b) /a  × 
100) percent, where a is the vasopressin-stimulated ratein 
the absence of lanthanide and b is the vasopressin-stimu- 
lated rate in the presence of a saturating concentration of 
lanthanide. Degrees of significance were determined using 
Student's t-test for unpaired samples. Values of P < 0.05 
were considered to be significant. 
2.5. Theory for  the interaction of  lanthanides with the 
lanthanide-sensitive plasma membrane Ca 2 ÷ channel 
As shown in Section 3, lanthanides inhibit Ca 2+ and 
Mn 2 ÷ inflow in the presence of vasopressin with maximal 
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inhibition of approx. 90% for Ca 2+ inflow and 30% for 
Mn 2÷ inflow, but do not inhibit Ca 2+ or Mn z+ inflow in 
the absence of an agonist. As discussed, it is proposed that 
the simplest explanation of these results is that, in hepato- 
cytes, vasopressin activates two divalent cation inflow 
processes, one which is sensitive to inhibition by lan- 
thanides and one which is not sensitive to lanthanides. 
Thus the observed rate of Ca 2 + or Mn 2 + inflow across the 
hepatocyte plasma membrane in the presence of vaso- 
pressin, R o (nmol /min per m2), is considered to be the 
sum of (1) the rate of divalent cation inflow in the absence 
of agonist, R b, (2) a vasopressin-stimulated component 
insensitive to lanthanide, Rvi, and (3) a vasopressin- 
stimulated component which is inhibited by lanthanide, 
R VS " 
Ro=Rb + R,,i + RLs (1) 
It is assumed that the lanthanide-sensitive component of 
vasopressin-stimulated divalent cation inflow is mediated 
by a putative lanthanide-sensitive channel protein, Ch, 
which binds the lanthanide, L, with a stoichiometry of 1:1 
[32,33]. 
L + Ch ~ LCh 
In the presence of a given concentration of lanthanide, 
the rate of lanthanide-sensitive asopressin-induced diva- 
lent cation inflow is proportional to the concentration of 
free lanthanide-sensitive cttannel protein (i.e., channel pro- 
tein not bound to lanthanide) ([Ch] (nmol protein per m2)). 
R~s=k[Ch ] (2) 
where k is the proportionality constant. 
The concentration of free lanthanide-sensitive channel 
protein is given by: 
[ Ch ] = [ Chr ] - [ LCh ] (3) 
where [Ch T ] and [LCh] are the concentrations of total 
lanthanide-sensitive channel protein and lanthanide-sensi- 
tive channel protein bound to lanthanide, respectively. 
Assuming that the binding of the lanthanide to the channel 
can be described by the law of mass action [43], the 
concentration of channel protein bound to lanthanide is 
given by the following expression: 
[Chr l [L ]  
[ LCh] K d + [L]  (4) 
where K a (M) is the dissociation constant. 
Substituting for Rvs in Eq. (1) using Eq. (2): 
R o = R b + Rvi + k[Ch] 
Substituting for [Ch] using Eq. (3): 
R o =R b +R~i+k( [Chr ]  - [LCh]) 
= R b + R~i + k[Chr] - k[LCh] 
Substituting for [LCh] using Eq. (4): 
k[ Ch r ][ L] 
Ro = ( + + ChT 1) 
Kd+ [L]  
b[L] 
g o = a K d + [ L] (5) 
where a = (R b + Rvi + k[ChT]) and b = k[Ch T ] 
2.6. Fitting of equations to experimental data 
Eq. 5 was fitted to plots of the observed rate of divalent 
cation inflow as a function of lanthanide concentration 
using Sigma Plot (Jandel Corporation, USA). Initial esti- 
mates for constants a, b and K a were obtained by graphi- 
cal analysis of the data. A standard weighting of the data 
points was employed. 
3. Results 
3.1. Comparison of  the inhibition by Gd 3 + of  agonist- 
stimulated Ca 2 + and Mn 2 + inflow 
Increasing the extracellular pH from 7.2 to 7.8 in- 
creased the degree of stimulation by vasopressin of Mn 2+ 
inflow from 150% to 250%, respectively, and caused a 
Table 1 
Effect of Gd 3÷ on vasopressin-, thapsigargin- and DBHQ-stimulated Mn 2+ inflow 
Agonist Medium [Ca 2 ÷ ]o 
(mM) 
Mn 2 + inflow (decrease influorescence units per s) 
0/zM Gd 3+ 1 /xM Gd 3+ 25 p,M Gd 3+ 
None Krebs-Henseleit 1.3 0.06 + 0.01 0.07 + 0.003 0.07 + 0.003 
phosphate-free m dium 0 0.09 + 0.01 0.09 + 0.01 0.09 ± 0.01 
Vasopressin (50 nM) Krebs-Henseleit 1.3 0.18 ± 0.01 0.16 + 0.01 0.14 ± 0.003 
phosphate-free m dium 0 0.21 ± 0.01 0.17 ± 0.01 0.16 ± 0.01 
Angiotensin II (5 uM) phosphate-free medium 0 0.26 ± 0.02 0.21 ± 0.01 0.21 ± 0.01 
Thapsigargin (100 nM) phosphate-free m dium 0 0.20 -4- 0.01 0.17 5:0.02 0.16 ± 0.01 
DBHQ (25/zM) phosphate-free m dium 0 0.18 + 0.02 0.15 5:0.01 0.13 ± 0.02 
Rates of Mn 2+ inflow were measured as described in Section 2. The results are the means ± SEM of 4-8 experiments obtained using 2-3 cell 
preparations. 
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small decrease in the rate of Mn 2÷ inflow observed in the 
absence of vasopressin (basal inflow) (results not shown). 
A pH of 7.6 was chosen for further studies with Mn 2+. In 
order to evaluate the effect of Gd 3+ on Mn 2+ inflow 
under exactly the same conditions as those employed for 
the measurement of Ca 2+ inflow, experiments were con- 
ducted in presence of 1.3 mM extracellular Ca 2+ (CaZo +). 
As shown previously [29,39], Gd 3+ inhibited vasopressin- 
stimulated Mn 2+ inflow but had no effect on the rate of 
Mn 2+ inflow in the absence of vasopressin (basal inflow) 
(Table 1). Maximal inhibition of vasopressin-stimulated 
Mn 2+ inflow was 30% (Table 1). This was considerably 
less than observed for vasopressin-stimulated Ca 2+ inflow 
where saturating concentrations of Gd 3+ caused a maxi- 
mum inhibition of 70% at pH 7.4 (Fig. 1A) and 80% at pH 
7.6 (results not shown). In the absence of added 2+ Cao , the 
inhibition by Gd 3+ of vasopressin-stimulated Mn 2+ inflow 
was also about 30% (results not shown). The effect of 
Gd 3+ was tested in a simpler medium in which KH 2 PO 4 
and MgSO 4 were omitted. Maximum inhibition of vaso- 
pressin-stimulated Mn 2+ inflow was found to be 42% in 
this medium (Table 1). 
Since there appeared to be a substantial difference in 
the degree of inhibition by Gd 3+ of vasopressin-stimulated 
Ca 2+ and Mn 2+ inflow, the ability of Gd 3+ to inhibit 
vasopressin-stimulated divalent cation inflow was com- 
pared with its effects on angiotensin II-, thapsigargin- and 
2,5-di-tert-butylhydroquinone (DBHQ)-stimulated ivalent 
cation inflow. Thapsigargin and DBHQ, which induce the 
release of Ca 2+ from intracellular stores without increas- 
ing the concentration of inositol 1,4,5-trisphosphate, are 
thought o stimulate Ca 2+ and Mn 2+ inflow in hepatocytes 
and in other cell types by inducing the release of Ca 2+ 
from a component of the endoplasmic reticulum [3,21- 
26,39,44]. Maximum inhibition by Gd 3+ of thapsigargin- 
stimulated Mn 2+ inflow was 36% (Table 1) compared 
with a maximal inhibition of thapsigargin-stimulated Ca 2+ 
inflow of 70% (Fig. 1B). Maximal inhibition by Gd 3+ of 
angiotensin II- and DBHQ-stimulated Mn z+ inflow was 
similar to that observed for thapsigargin-stimulated Mn 2+ 
inflow (Table 1). 
3.2. Inhibition of Ca z + inflow by different lanthanides 
Tm 3+, Gd 3+, Eu 3+, Nd 3+ and La 3+ each inhibited 
vasopress in -s t imu la ted  Ca  2+ inflow but had no effect on 
Ca 2+ inflow in the absence of vasopressin (basal Ca 2÷ 
inflow) or on the release of Ca 2÷ from intracellular stores 
induced by vasopressin (results not shown). Dose-re- 
sponse curves for the effects of Gd 3÷, La  3÷, Nd  3+, Eu  3+ 
and Tm 3 ÷ on the rate of Ca z ÷ inflow in the presence of 
vasopressin are shown in Figs. 1A and 2. Eq. 5 (Section 
2), which describes the binding of a lanthanide ion to a site 
in the Ca 2 ÷ channel with a 1:1 stoichiometry, was found to 
be the simplest equation which gave a good fit to each set 
of dose-response data (Figs. 1A, 2). For La 3+, Nd 3+, 
Eu 3÷, Gd  3+ and  Tm 3÷, the values for the apparent K d 
were 0.48 + 0.24, 0.04 + 0.02, 0.05 ___ 0.01, 0.14 _ 0.09 
and 0.5 + 0.26 /zM (value + SEM), respectively. Thus 
cations near the middle of the lanthanide series (Nd  3÷, 
Eu  3 +, Gd  3 +)  have the lowest K d (i.e., highest affinity) for 
binding to the putative Ca 2 ÷ binding site on the hepatocyte 
RACS. When the apparent K d for each lanthanide was 
plotted as a function of atomic number of the lanthanide, 
the curve shown in Fig. 3A was obtained. This plot was 
compared with plots of K d as a function of atomic number 
derived from the data of Nieboer for the binding of 
lanthanides to various organic anions in situ [36]. The 
shape of the plot for acetate (Fig. 3B) was found to be the 
closest match to the hepatocyte Ca 2÷ channel data (Fig. 
3A) 
The values obtained for the maximum inhibition by 
1.2 
1.0 
0.8 
o 
C 
0.6 
0.4 
O 
0.2 
0,0  I I I I I 
0.0 0.5 1.0 1.5 2.0 
Concentration of Gd ~ (JIM) 
A 1.2 
0.8 
~"-4 . - - .~  ~ i "  T ~- o.8 
°"  
No Additions 0.2 
O 
0.0 
B 
Q IF - - -  
, , , , ,  ¿¿ , 
0.0 0 .5 1.0 1.5 2.0 25.0 
e, anc~an~ a ~"  0aA) 
Fig. 1. Inhibition by Gd 3 + of (A) vasopressin-stimulated Ca 2 + inflow and (B) thapsigargin-stimulated Ca 2 + inflow. Rates of Ca: + inflow were measured 
in the presence (filled circles) or absence (open circles and broken extrapolated line) of 50 nM vasopressin or 100 nM thapsigargin, asdescribed in Section 
2. The solid lines were drawn using Eq. 5 and the values of the constants which gave the curve of best fit of this equation to the data. The results are the 
means + SEM obtained with 3-6 experiments conducted using 2-3 cell preparations. 
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lanthanide (determined from a fit of Eq. 5 to the dose-re-  
sponse curve) were 68, 77, 68, 70 and 87% of the vaso- 
pressin-stimulated rate of Ca 2+ inflow for La 3+, Nd 3+, 
Eu 3+, Gd 3+ and Tm 3+, respectively. Similar results were 
obtained in a separate series of experiments in which the 
rate of Ca 2+ inflow, measured in the presence of vaso- 
pressin and 2 /zM of a given lanthanide, was determined 
and plotted as a function of the atomic number of the 
lanthanide (Fig. 3C). Vasopressin-stimulated Mn 2+ inflow 
was also inhibited by different lanthanides. A plot of the 
rate of Mn 2÷ inflow (measured in the presence of vaso- 
pressin and 5 /zM of a given lanthanide) as a function of 
atomic number of the lanthanide is shown in Fig. 3D. 
There was no substantial difference in the degree of inhibi- 
tion given by the different lanthanides. When the experi- 
ment was conducted using 0.1 or 0.5 /zM lanthanide, the 
degrees of inhibition given by the different lanthanides 
were also found to be similar (results not shown). 
The effect of altering [Ca2+]o on the dose-response 
curve for the inhibition of vasopressin-stimulated Ca 2+ 
inflow by Gd 3+ was investigated in order to test whether 
2+ the inhibition is competitive with respect to Cao . The 
results are shown in Fig. 4. The apparent K a for Gd 3+ at 
0.67, 1.3 and 2.4 mM [Ca2+]o was 0.3 + 0.2, 0 .2_  0.04 
and 0.4 + 0.2 /zM, respectively. The increase in [Ca:+]o 
from 0.67 to 1.3 and 2.4 mM was associated with an 
increase in the absolute value (in units of nM/s )  of the 
maximally-inhibited rate of Ca 2+ inflow (Fig. 4). How- 
ever, the maximal degree of inhibition by Gd 3+ (expressed 
as a percentage of the vasopressin-stimulated rate in the 
absence of Gd 3+) at these [Ca2+]o was 60, 70 and 50%, 
respectively. 
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Fig. 2. Dose-response curves for the inhibition by La 3+ (A), Nd 3+ (B), Eu 3+ (C) and Tm 3+ (D) of Ca 2+ inflow measured in the presence ofvasopressin. 
Rates of Ca 2÷ inflow in the presence of vasopressin (50 nM) and a given concentration f lanthanide (filled circles and solid line), and in the absence of 
vasopressin a d lanthanide (open circles and broken line), were measured asdescribed inSection 2. The solid lines were drawn using Eq. 5 and the values 
of the constants which gave the curve of best fit of this equation to the data. The values are the means -I- S.E.M. obtained with 5-7 experiments conducted 
with 2-3 cell preparations. 
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3.3. Effects of  membrane potential on the inhibition of  
vasopressin-stimulated divalent cation inflow by Gd 3 + 
Since it has been shown that the ability of  lanthanides 
to inhibit L-type VOCCs is depended on the value of  the 
membrane potential at which ion f low is measured [32], 
the effect of  changing the membrane potential on the 
inhibition by Gd 3+ of vasopressin-stimulated Ca 2÷ and 
Mn 2+ inflow was investigated. Depolarisation of the 
plasma membrane by increasing the concentration of  extra- 
cellular K ÷ ([K+]o) led to a substantial inhibition of  
vasopressin-stimulated Mn 2+ inflow with little effect on 
basal Mn 2÷ inflow (Fig. 5A). These changes in vaso- 
pressin-stimulated Mn 2÷ inflow were associated with a 
decrease in the magnitude of  the negative membrane po- 
tential which was a linear function of  [K+]o (Fig. 5B). 
These results are similar to those reported previously for 
the effects of [K+]o on agonist-stimulated Ca 2+ inf low in 
the perfused l iver and in hepatocytes [45,46]. 
The ability of  Gd 3÷ to inhibit vasopressin-stimulated 
Mn 2÷ inflow which, as reported above, is less (in terms of 
the maximal effect) than the ability of  Gd 3+ to inhibit 
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Fig. 3. Relationship between the atomic number of lanthanide and (A) the apparent K d for inhibition by the lanthanide of vasopressin-stimulated Ca 2+ 
inflow, (B) the K d for interaction of the lanthanide with acetate in vitro, (C) maximal inhibition of vasopressin-stimulated Ca 2÷ inflow, and (D) maximal 
inhibition of vasopressin-stimulated Mn 2+ inflow. (A) Values of apparent K d (+ S.E.M.) were obtained from a fit of Eq. 5 to the dose-response curves 
shown in Fig. 2. (B) The K d values for the interaction of lanthanides with acetate in vitro were derived from the data of Nieboer [36]. (C,D) Rates of Ca 2 ÷ 
(C) inflow and Mn 2÷ (D) were measured as described in Section 2 in the presence of vasopressin and absence of lanthanide (open circle and broken 
extrapolated line), in the presence of vasopressin and 2 /xM (Ca 2+ inflow) or 5 /zM (Mn 2+ inflow) lanthanide (filled circles), and in the absence of 
vasopressin and absence of lanthanide (open triangle and broken extrapolated line). The results are the means + S.E.M. of 4-9 experiments conducted 
using 2-5 cell preparations. 
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Fig. 4. Effect of extracellular Ca 2+ concentration on dose-response 
curves for the inhibition by Gd 3+ of vasopressin-stimulated Ca 2+ in- 
flow. Rates of Ca 2+ inflow were measured in the presence (filled 
symbols, solid line) or absence (open symbols, broken line) of 50 nM 
vasopressin and 0.67 (triangles), 1.3 (squares) or 2.4 (circles) mM 
[ Ca2+ ]o as described in Section 2. The solid lines were drawn using Eq. 
5 and the values of the constanls which gave the curve of best fit of this 
equation to the data. The results are the means + SEM obtained with 3-6 
experiments conducted using 2-3 cell preparations. 
vasopressin-stimulated Ca 2+ inflow, was also found to be 
low when the experiment was performed at 1.5 or 60 mM 
[K+]o (Table 2). There was no inhibition by Gd 3÷ of 
Table 2 
Effect of changing the extracellular K ÷ concentration  the inhibition of 
Mn 2+ inflow by Gd 3+ 
Agonist Gd 3 + 
(p,M) 
Rate of Mn 2 + inflow 
(decrease in fluorescence units per s) 
1.5 mM Ko + 60 mM Ko* 
Vasopressin 0 0.28+0.01 (11) 0.20-t-0.01 (10) 
2 0.23+0.01 (10) 0.19-1-0.01 (10) 
None 0 0.15+0.01 (8) 0.13+0.01 (7) 
2 0.15+0.01 (8) 0.13+0.01 (7) 
Rates of Mn 2+ inflow were measured in phosphate-free media (pH 7.6) 
which contained 1.5 or 60 mM K + , as described in Section 2. Media 
containing different concentrations of K ÷ were prepared as described in 
the legend of Fig. 6. The results are the means + SEM of the number of 
experiments indicated in parenthesis, conducted using 2-4 cell prepara- 
tions. 
Mn 2÷ inflow in the absence of vasopressin (basal Mn 2+ 
inflow) at these values of [K÷]o (Table 2). 
The effect of altered membrane potential on the ability 
of Gd 3+ to inhibit vasopressin-stimulated Ca 2- inflow was 
investigated by determining the K d for Gd 3+ at the most 
negative (hyperpolarised) and least negative (depolarised) 
conditions attainable. The dose-response curves for inhibi- 
tion by Gd 3+ in the presence of 1.5 and 60 mM [K-] o are 
shown in Fig. 6. The apparent K d values for the interac- 
tion of Gd 3+ with the putative Ca 2÷ channel were 0.06 + 
0.03 and 0.35 + 0.25 /zM, for 1.5 and 60 mM [K+]o, 
respectively. Thus at the most-negative membrane poten- 
tial the affinity of the channel for Gd 3÷ was approximately 
0.24 - 
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0.16-  
=o 
u)  
0,12-  
g 
o ~ 0.08 
_= 
~= 0.04 
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Log extracellular [K* ] (M) Log extracellular [K +] (M) 
Fig. 5. Effect of varying the concentration f extracellular K ÷ on the rate of vasopressin-stimulated Mn 2 + inflow (A) and on membrane potential (B). (A) 
Rates of Mn 2+ inflow were measured at pH 7.6 at different concentrations of [K+]o in the absence of vasopressin (©) and in the presence of 50 nM 
vasopressin (O) as described in Section 2. The given [K+]o were obtained by altering the amounts of NaC1 and KC1 present in the incubation medium such 
that the sum of NaC1 plus KC1 ~emained constant at 123 mM and the [K+]o was the sum of the concentrations of K + present in KCI and KH2PO 4 (1.2 
mM). The results are the means + SEM of 7-8 experiments conducted with 2-3 cell preparations. (B) Hepatocytes were incubated in the presence of the 
indicated [K+]o and membrane potential determined as described in Section 2. The results are the means + SEM of 9-13 experiments conducted with 3 
cell preparations. 
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Fig. 6. Dose-response curves for the inhibition by Gd 3+ of vasopressin-stimulated Ca 2+ inflow in the presence of 1.5 (A) and 60 (B) mM extracellular 
K ÷. Rates of Ca 2+ inflow in the presence (solid circles and line) or absence (open circle and extrapolated broken line) of 50 nM vasopressin were 
measured atpH 7.4 as described in Section 2. The solid lines were drawn using Eq. 5 and the values of the constants which gave the curve of best fit to the 
data, performed as described in Section 2. The values are the means + SEM of 5-8 experiments conducted with three different cell preparations (A) and 
5-6 experiments conducted with two different cell preparations (B). 
6-fold greater than that at the least-negative membrane 
potential. 
4. Discussion 
4.1. Evidence that vasopressin activates both a 
lanthanide-sensitive and a lathanide-insensitive divalent 
cation inflow process 
The results obtained for the effects of Gd 3-- on vaso- 
pressin-stimulated Ca2+ and Mn 2÷ inflow to hepatocytes 
extend those obtained previously [29] by showing that 
neither vasopressin-stimulated Ca 2+ nor Mn 2÷ inflow was 
completely inhibited by Gd 3 +. Maximal inhibition of vaso- 
pressin-stimulated Ca2+ inflow was about 90%, whereas, 
under the same experimental conditions, maximal inhibi- 
tion of vasopressin-stimulated Mn 2+ inflow was about 
30%. The idea that vasopressin activates two types of 
divalent cation inflow processes, one sensitive to lan- 
thanides, and the other insensitive to lanthanides, is con- 
sidered to be the simplest explanation for these data. The 
possibility that there is only one type of divalent cation 
channel which is only partially inhibited by lanthanides i
considered unlikely. 
Since only a fraction of vasopressin-stimulated Ca 2-- 
and Mn 2÷ inflow is sensitive to Gd 3+ and, likewise, only 
a fraction is insensitive to Gd 3+, it is concluded that the 
lanthanide-sensitive divalent cation inflow process and the 
lanthanide-insensitive divalent cation inflow process each 
admit both Ca 2+ and Mn z+. The observation that the 
responses of vasopressin-stimulated Mn2+ inflow to 
changes in the pH of the extracellular medium and mem- 
brane potential are similar to the responses of vasopressin- 
stimulated Ca 2+ inflow to changes in extracellular pH [38] 
and membrane potential [45,46] reported by others is also 
consistent with this conclusion. The observation that vaso- 
pressin-stimulated Mn2+ inflow is considerably ess sensi- 
tive to inhibition by lanthanides than is vasopressin-stimu- 
lated Ca 2+ inflow suggests that the lanthanide-insensitive 
pathway admits a greater ratio of Mn 2+ to Ca 2+ than does 
the lanthanide-sensitive pathway. 
The results obtained with thapsigargin dicate that this 
agent also stimulates both a lanthanide-sensitive and a 
lanthanide-insensitive divalent cation inflow process. 
Moreover, the predicted ratio of the flow of divalent 
cations through the two putative channels involved is 
approximately the same for vasopressin and thapsigargin. 
These observations, together with those obtained using 
angiotensin II and DBHQ, provide further evidence which 
indicates that, in hepatocytes, artificially-induced store-op- 
erated Ca 2+ inflow mimics agonist-stimulated Ca2+ in- 
flow in most, if not all, respects [23,26,39,47]. 
4.2. Nature of the lanthanide-sensitive and lanthanide-in- 
sensitive vasopressin-stimulated divalent cation inflow 
processes 
On the basis of proposals made for the mechanisms of 
permeation of VOCCs by Ca 2 ÷ and the inhibition of Ca 2 ÷ 
movement through VOCCs by lanthanides [32,33], it is 
considered likely that the lanthanide-sensitive process of 
vasopressin-stimulated divalent cation inflow is a divalent 
cation channel which has a Ca2+-binding site which can 
bind Ca 2 +, Mn 2 ÷ or a lanthanide ion. Lanthanide-insensi- 
tive divalent cation inflow may occur through a pore or 
channel which can accommodate a range of divalent cations 
and which does not possess a specific binding site for 
Ca 2+, Mn 2+ and lanthanide ions. Such a channel may 
admit Gd 3+ as readily as Ca 2+ so that Gd 3+ passes 
through the channel without inhibiting Ca 2 ÷ inflow. Hu et 
al. have recently reported that expression of the Drosophila 
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trpl gene, which is thought o encode a form of receptor- 
activated Ca 2+ channel, in Sf9 insect cells, leads to the 
appearance of a non-selective cation channel which is 
insensitive to Gd 3+ [48]. Another possible mechanism for 
the lanthanide-insensitive Ca 2÷ inflow process is endocy- 
tosis (pinocytosis), a process which has been proposed to 
account for basal rates of Ca 2 + inflow in some other cell 
types [49]. The rate of endocytosis in hepatocytes i  sub- 
stantial [50]. Since Ca 2+ arid Mn 2÷ inflow to hepatocytes 
in the absence of vasopressin is also not inhibited by 
lanthanides, the lanthanide-insensitive vasopressin-stimu- 
lated divalent cation inflow process may be the same 
processes as that responsible for basal divalent cation 
inflow (cf. conclusions reached from recent studies of 
Ca 2+ inflow to HeLa cells [15]). 
The present results indicate that both vasopressin and 
thapsigargin open both a Ca2+-selective divalent cation 
channel and a non-selectiw; cation channel. Other studies 
with hepatocytes [6-9] and with other cell types [10-15,51 ] 
have also led to the conclusion that in certain types of cells 
some agonists can open two types of divalent cation 
channel or cation inflow processes. On the basis of the 
observation that 70-90% of vasopressin- or thapsigargin- 
stimulated Ca 2÷ inflow is inhibited by Gd 3+, it may be 
concluded that about 70-90% of vasopressin- or store-op- 
erated Ca 2 + inflow occurs through the putative Ca 2 +-selec- 
tive cation channel and about 10-30% through the putative 
non-selective cation channel. In the case of mast cells, 
Fasolato et al. [11] have estimated that approximately 4% 
of agonist-stimulated Ca2+ inflow occurs through a non- 
selective Ca 2+ channel while the balance flows through a 
highly selective Ca 2+ channel. 
4.3. Nature of  the putatfi;e Ca 2+ binding site in the 
lanthanide-sensitive channel 
A mechanism in which one lanthanide ion interacts with 
a single putative Ca 2÷ binding site in the lanthanide-sensi- 
tive Ca 2+ channel is consistent with the results for the 
analysis of dose-response curves obtained for the inhibi- 
tion of vasopressin-stimulated Ca 2+ inflow by lanthanides. 
This conclusion is also consistent with the results of 
experiments in which the apparent K d for Gd 3+ was 
found to increase as the [Ca 2+ ]o increased from 1.3 to 2.4 
mM. However, the increase in apparent K d was associated 
with a change in the value of the maximally inhibited rate 
of vasopressin-stimulated Ca 2+ inflow by Gd 3--. While the 
latter change would not be expected in a system comprised 
of a single species of Ca 2÷ channels which are 
lanthanide-sensitive, it could be explained by the presence 
of lanthanide-insensitive c.hannels (in addition to lan- 
thanide-sensitive channels) and a concurrent increased flow 
of Ca 2÷ through the lanthanide-insensitive channels at 
higher [Ca 2 + ]o- 
The shape of the plot of apparent K d for inhibition by a 
given lanthanide of vasopressin-stimulated Ca 2+ inflow as 
a function of lanthanide atomic number was compared 
with the shapes of plots of K d (= 1//ga, where K a is the 
association constant) as a function of atomic number ob- 
tained by Nieboer [36] for the interaction of lanthanide 
ions with acetoacetate, EDTA, diglycolate and acetate. The 
plot obtained for the hepatocyte Ca 2+ channel does not 
match well with those obtained by Nieboer for acetoac- 
etate, EDTA and diglycolate. However, a good match was 
obtained for the plot for acetate (Fig. 3B; cf. Fig. 3A). This 
comparison suggests that the binding site for Ca 2+ and 
lanthanide ions in the pore of the lanthanide-sensitive 
hepatocyte Ca 2+ channel is composed of carboxylic acid 
moieties [32,36]. This conclusion is consistent with the 
proposed role of glutamate and aspartate carboxylic acid 
groups in binding Ca 2+ in L-type VOCCs for which the 
amino acid sequences and topologies have been deter- 
mined [52,53]. 
The results obtained for the inhibition by lanthanides of 
vasopressin-stimulated Mn 2+ inflow suggest hat the pat- 
tern of inhibition of Mn 2 + inflow differs from that for the 
effects of lanthanides on Ca 2+ inflow. In the case of Mn 2+ 
inflow, inhibition is somewhat greater with Tm 3+ than it is 
with the other lanthanides. This may reflect the fact that 
the ionic radius [54] of Mn 2+ (0.83 A) matches that of 
Tm 3+ (0.88) more closely than it does the other lan- 
thanides tested. 
The results obtained for measurement of the apparent 
K d for inhibition by Gd 3+ of vasopressin-stimulated Ca 2+ 
inflow at different membrane potentials uggest that hyper- 
polarisation of the membrane increases, while depolarisa- 
tion decreases, the affinity of the channel for Gd 3+. Since 
the inhibition by Gd 3+ of vasopressin-stimulated Mn 2+ 
inflow was small at each value of membrane potential 
tested, it was not possible to discern a trend for the effect 
of membrane potential on the inhibition of Mn 2 + inflow. 
The possibility that the binding of different amounts of K + 
or Na + (as a result of alteration in the concentrations of
K + and Na + in the membrane-potential experimen0 to the 
lanthanide-sensitive Ca2+ channel is responsible for the 
results obtained for vasopressin-stimulated Ca 2+ inflow is 
considered unlikely. 
The present results for the effect of altered membrane 
potential on the inhibition by Gd 3+ of vasopressin-stimu- 
lated Ca 2+ inflow in hepatocytes contrast with those ob- 
tained for L-type VOCCs in excitable cells in which 
inhibition by lanthanide was greatly reduced by hyperpo- 
larisation of the membrane [32], but are similar to results 
obtained for the effects of membrane potential on the 
inhibition by lanthanides of T-type VOCCs [33]. Compari- 
son of the present results with those obtained for the 
VOCCs suggests that the hepatocyte Ca 2+ channel pore 
behaves more like the pore of a T-type VOCC than the 
pore of an L-type VOCC. It is proposed that, in T-type 
VOCCs, a lanthanide ion which blocks the channel does 
not permeate the channel. An alternative xplanation for 
the observation that hyperpolarisation increases (rather than 
106 K C. Fernando, G,J. Barritt / Biochimica et Biophysica Acta 1268 (1995) 97-106 
decreases) the affinity of the channel for Ca 2÷ may be that 
the site of action of the lanthanide is outside the direct 
effects of the membrane electric field [33] so that the effect 
of altered membrane potential is not directly on the move- 
ment of lanthanide through the channel but on other 
parameters. 
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